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We report dc conductivity {¢) measurements on the linear chain compound

NbS;.
MI

TMI
field above a threshold field

The temperature dependence of ¢ indicates a phase tramsition at
T _ = 155 K with strong one-dimensional fluctuations above TMI'

Below

the conductivity is strongly increasing with increasing electric

, and 1s also strongly frequency depand-

ent. We argue that the nonlinear corductivity is due to sliding charge

densics waves.

The transition metal trichalcogenides, MX,,
formed between the transition metal atoms Nb or
Ta, and chalcogens § or Se form linear chain
compounds where the transition metal atom is
surrounded by trigonal chalcogen prisms. Phase
transitions observed im NbSe;! and T3532 are
associated with the development of charﬁe densi-
ty waves (CDW's). Tha strong frequency” (w} and
electric fi1eld*’S (E) dependent transport phe—
nomena observed in the CDW state are due to the
dynamical response of the collective CDW mode.

In this communication we report dc conduc-—
tivitr (¢) measurements on the lipnear chain com-
pound NbS;. The temperature dependence of the
low field conductivity shows a phase transition
around T,,. = 155 K, with semiconducting behavior

below TMI and strong one-~dimensiconal resistive

fluctuations above T,.. The conductivity is
strongly non-chmic below T,,... These findings
are closely analogous to those  found in ortho-
rhombic T353,6 and, together with electron dif-
fraction observations,’ suggest that the transi-
tion is associated with the development of a CDW
state, and that the nonlinear conductivity is
due to sliding charge demsity waves.

NbS3 appears in two forms,? called type I
and type II. The structure of type I was
established recently,? and shows a. pairing of
Nb-Nb atoms along the chain direction. This form
of NbS3 is a semiconductor with large anergy gap
at high temperatures. The crystal structure of
type II has not previocusly bsen established, but
diffuse electron diffraction experiments7’a show
one-dimensional diffuse lines at room tempera-
ture, and superlattice spots, indicative of a
three-dimensional ordering, at low temperatures.
The superstructure7 occurs at a period close to
3 by where by is the lattice constant along the
chain direction, but the question whether the CIW
is  commensurate or only near to commensura-
bility, has not yet been aestablished.

We have prepared the NbS; compound by

direct reaction of the elements at 550°C and at
650°C. The sample prepared at 650°C has the
published crystal structure phase I, and also
the conductivity is that of semiconductor, in
agreement with earlier observations.!

The NbSj; compound prepared at 550°C is a
new phase we call phase III. In this preparation
the elements were first reacted to form NbS, at
850°C over one week. The sample was cooled to
room temperature and ground to 100 mesh. Addi-
tional sulfur was added to bring the stoichio-
metry to NbS8y, and an additional amount of 10 mg
of sulfur per cubic centimeter of tube volume
was added to create a sulfur overpressure and to
provide a mineralizing agent te encourage homo-
geneity. The new sample was sealed under vacuum
and heated at 530°C for three weeks and then
cooled over two days teo 400°C. The sample was
then quenched inte roomtemperature air from
400°C.

According to powder X~ray diffraction data,
this phase is distinctively different from phases
I and II reported earlier. In this phase the 001
reflections indicate a ¢ axis very similar to the
phase I, and it is likely that the a axis is also
similar, but the monoclinic angle iz increased to
98°-99°, We were not able to find the b axis
based on our powder diffraction measurements.

The conductivity studies presented in this
report are for the Form III of NbS;. Typical
crystal dimensions were 5mm * 10um * 50um, with
the long dimension corresponding to the chain
axis (b axis). Our measured conductivity is with
respect to this axis. We have used a four-probe
configuration in the dc measurements, with indium
current leads ultrasonically soldered to the
sample and voltage leads attached with silver
paint, In order to avoid inhomogeneous stress
within the sample, we have selected relatively
short samples, with a uniform cross section, for
our dec measurements. The conductivity and di-
etectric constant at 9.1 GHz were measured by the
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cavity perturbation method. !}

Figure 1 shows the low field conductivity
plotted in a 1/T representation. The insert
shows the derivative do/dT. The peak in the
derivative indicates a broad phase transition
near THL = 155 XK. Between about 150 and 100 ¥,

the conductivity follows a semiconducting behav-
ior, and can be well described by G=Uuexp(—&!KET),
& = 1770 K. We associate the transicion at T
with the formation of a charge density wave
state. The semicenducting behavior below THI
then indicates that all electrons are con-
densed in the CDW state, and the finite (and
chmic) low field conductivity reflects normal
electrons excited Into the conduction band across
the Peierls-Frdlich gap A&. Betwsen room tempera—
ture and 155 K the conductivity, o, decreaseas
with decreasing temperature, although an acti-
vated behavior is not observed. Electron diffrac-
tion studies’ have cbserved diffuse lines at

room temperature which developed Into sharp spets
upon cooling. We therefore suggest that the de-
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Fig. 1. Normalized low field dc conductivity o

for NbS,-. The iusert shows the deriva-

tive dg/dT.
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Fig. 2. Normalized dc conductivity {(solid line)
and microwave conductivity (&) vs 1/T.
The insert shows the low temperature
dielectric constant.
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Fig. 3. Field dependent conductivity o(¥V) fer

NbS; at selected temperatures.

independent of V above T
sample length L is
figure.

The

g is
= 155 K.

HI given on the

teristic of weakly pinned charge demsity wave

a pseudogap in this temperature region. Below
100 K the conductivity flattens slightly.
may be the result of residual disorder effects
The microwave conductivity and dielectric
constant are presented in Fig. 2.
emperature o is independent of frequency, at

This
12

While at room

sower temperatures (but standing well above T I)

a dispersion iz found. The large microwave

conductivity and dielectric constant are charac-

systems.

Figure 3 shows v versus applied sample
voltage (V) at selected temperatures both above
We have avolded sample heating
effects by using a pulsed technique, with typi-

and below T

cal pulse widths of 10 us.
pendent of V, while balow T

g is inde-
strongly

Above T
d is

nonlinear above a well-defingd threshold value

YV . Below V.. ohmic conduction is obsatrved.

T

Be—
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tween T aud 125 K the threshold field is
approximitely independent of temperature. With
the measured sample length % = 0.5 mm, the ob-
served threshold V_ = 1 V corresponds te a
threshold field E_"= 20 ¥/cm. Measurements on
different samples of different lengths indicate
that ET is independent of %. At temperatures
below = 125 K the threshold for the onset of non-
linear conduction becomes leas well-defined.

Such a smearing of E_. is most likely due to the
small number of normal conductlon electrons
present in NbS; at low temperatures. This allows
for inhomogeneities in the Internal electric
Field, and a consequent distributien of field
energies within the sample.

We interpret the nonlinear conductivity as
due to sliding charge density waves. The
existence of a sharp threshold electric f£ield
for the onset of nonlinear conduction suggests
that the COW is pinned at low electric field
strengths, and can become depinned at high elec-
tric field stremgths. Similar nonlinear conduc—
tivity with a sharp threshold field is also ob~
served in both NbSes" and TaS3,® and is regarded
there as strong evidence for conduction due to
moving CDW's,

It Is appropriate to comment on the ovarall
similarity of ¢ wmeasured for NbS, and o wmeasured
for orthorhombic Ta53. TaS; undergoes a
Peierls transition® to an insulating CDW state
at T_ = 215 X, and the low flald conductivity
for = TaS; also shows strong resistive fluctua-
tions,3 with o decreasing with decreasing tem-
perature, and diffuse one-dimensional streaks?
present in the X-tay diffraction pattern. In
both materials the measured microwave conductivi-
ty is high down to low temperatures. The elec-
tric field dependent conductivity a(V) for TaSae
at temperatures below TP follows in general the
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same form of a(¥v) for NbS3 presented here,
with a smearing of the sharp threshold field be-
low 100 X also seen in TaS3. Between 200 X and
150 K the threshold field for TaS3 is approxi-
mately 2 V/ew®, one order of magnitude smaller
than that for ¥b83. The stronmgaer pilnning re-
sults in a smaller dislectric constant in NbSj.
Although the CDW in TaSs is commensurate’ with
the underlying lattice, the effective pinning
mechanism for TaSy is unclear. Nevertheless, the
larger threshold field observed in Nb5j3, which
represents a greater CDW pimning force, could
reflect a different pinning mechanism or a more
important role played by impuritles. Impurities
could not only lead te a larger for NhS3, but
could alsc smear a sharp transitidn to the CDW
state.!? Indeed, as evidenced by the width of
the derivative peak in Fig. 1, the tramsition for
KbS, is quite broad, in strong contrast to the
sharp transition® observed in TaSy.

In conclusion, the low field dc conductivity
of the linear chain compound Kb3y {type III} in-
dicates a phase transitiom to an insulating CDW
state approximately at T _ = 135 K. Balow T
the nonlinear and frequency dependent con-
ductivity is interpreted as due to sliding charge
density waves,

It appears that in tramsition metal tri-
chalcogenides with muleiple crystallographic
phases, the appearance of charge density wave
transitions and collective transport phenomena
are closely related.
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